Chemotherapy-induced anemia (CIA) is a multifaceted entity influenced by a variety of patient-and treatment-specific factors. Some sources of variation within CIA include chemotherapeutic agent as well as dose and administration schedule, type and stage of malignancy, baseline pretreatment hemoglobin, target hemoglobin, timing of intervention (red blood cell transfusion, iron, erythropoietin stimulating agent), nutritional status, renal function, age, and gender. The diversity of patient presentation and symptomatology within the broader spectrum of CIA contributes to the challenge of establishing universal criteria to govern optimal management therapies. This manuscript will review the development and evolution of CIA with an emphasis on assorted therapeutic interventions.
Introduction
Anemia, derived from the Greek word "anaimia" meaning lack of blood, refers to a decreased oxygen-carrying capacity in the blood and is commonly associated with cancer. 1 Anemia is the most common and persistent hematological abnormality in oncology patients. 2 Chemotherapy-induced anemia (CIA) is a consequence of malignant invasion of normal tissue leading to blood loss, bone marrow infiltration with disruption of erythropoiesis, and functional iron deficiency as a consequence of inflammation. 3 CIA is a significant consequence of chemotherapy and may delay or limit therapy as well as contribute to both fatigue and diminished quality of life. 4 Unfortunately, not all clinicians consistently survey, measure, or even document anemia-related symptoms. Furthermore, there are inconsistent thresholds for both the definition and the severity of anemia. The lack of standardized objective grading systems of anemia and its varying manifestations make its quantitative evaluation challenging. Although some literature defines anemia by a reduction from baseline hemoglobin, the use of blood transfusions, or the use of recombinant human erythropoietin therapy, 5 others fail to document the toxicity grading system used to define anemia. 6 The National Cancer Institute Anemia Scale proposed the following grading scale for anemia 7 :
• Grade 0 = Normal limits = hemoglobin 12-16 g/dL for women and 14-18 g/dL for men • Grade 1 = Mild = 10-12 g/dL for women and 10-14 g/dL for men • Grade 2 = Moderate = 8-10 g/dL Partially a consequence of the heterogeneity of CIA, there are large disparities among its reported prevalence. Patients receiving chemotherapy often have comorbid conditions including inadequate renal function, a baseline factor that has not been consistently excluded in prior analyses of CIA. Despite the variability in definitions, as well as the difficulty of objectivity of measurement due to confounding variables, an estimated 70% of patients receiving chemotherapy develop anemia. 8, 9 Hematologic supportive care strategies such as bone marrow transplant or peripheral blood stem cell support are essential to mitigate the cytotoxic effects of high-dose chemotherapy. 10 While transfusion rates vary in patients with CIA, about 50% of patients with incurable cancer require at least one red blood cell transfusion prior to completing chemotherapy treatment. 11 High-dose chemotherapy capitalizes on a theoretical dose-response relationship with the notion that higher doses are correlated with higher response rates. 10 Unfortunately, chemotherapy affects all rapidly dividing cells, including the particularly sensitive erythroid progenitor cells in a process known as eryptosis. 12 Analogous to apoptosis of nucleated cells, erythrocytes undergo eryptosis to destroy and remove defective erythrocytes, thereby preventing hemolysis and subsequent hemoglobin release. 13 Eryptosis and resultant erythrocyte deficiency contributes to anemia and is exacerbated by inadequate compensatory erythropoiesis. 13, 14 In advanced hematologic malignancies, cytokine release from tumor cells is a main mechanism by which erythropoiesis is disrupted. These cytokines, including interferon-gamma, IL-1, and tumor necrosis factor, disrupt endogenous erythropoietin synthesis in the kidney and suppress differentiation of erythroid progenitor cells in the bone marrow. 15 CIA is most frequently observed in hematologic, particularly myeloid, malignancies more so than in solid tumors. 16 Of all cancers, lymphomas, lung tumors, gynecologic, and genitourinary tumors have the highest incidence of anemia with at least 50%-60% requiring transfusion. 17 Among solid tumors, patients with lung cancer require the highest frequency of transfusion and are typically transfused at higher hemoglobin levels which has been attributed to both older age and suspicion of concurrent pulmonary disease. 11, 18 Anemia at baseline prior to initiation of chemotherapy is associated with an increased incidence of CIA and patients with prechemotherapy hemoglobin levels <11 g/dL are more likely to receive a red blood cell transfusion than those with normal baseline hemoglobin levels. 8, 18 A variety of characteristics are predictive of CIA and corresponding blood transfusion requirements, some of which include response to iron treatment, 3 advanced age, 17 presence of metastases, 19 the degree of hemoglobin decrease within the first month of treatment, as well as tumor type and treatment duration. 16 Furthermore, patients with advanced cancers are typically more anemic at diagnosis and have worse survival outcomes. 15 The degree of CIA is directly proportional to the number of repeated chemotherapy cycles despite transfusion, inferring limitations regarding the duration of transfusion benefit. 19 CIA is often precipitated by platinum-based therapies. 20 Factors that are associated with the development of platinuminduced anemia include early decrease in hemoglobin following treatment, cumulative platinum dose, advanced age, failure to respond to chemotherapy, and high concentration of residual platinum in the bloodstream following administration. 16, 21 Mechanisms of CIA by platinum-based regimens involve direct suppression of erythroid progenitor cells within the bone marrow as well as nephrotoxic effects on erythropoietin-producing cells within the kidney. 22, 23 States of inherent erythropoietin deficiency secondary to cisplatininduced renal tubular damage can be prevented or treated by replacement with recombinant hormone. 24 Nonplatinumbased chemotherapy regimens, including antimicrotubular agents, campothecins, and biologics, can also be particularly myelosuppressive. 25, 26 Fatigue is the most common symptom of CIA, although vertigo, loss of appetite, poor concentration, and dyspnea are also frequently reported. 27 Grade of anemia in combination with type of cancer and baseline cardiopulmonary function contribute to symptom severity. 28 Although the relationship between anemia and fatigue is difficult to quantify, fatigue has the most significant adverse effect on quality of life. 6 The acuity of anemia affects corresponding symptomatology with acute-onset anemia resulting in more prominent symptoms. As expected, anemia that develops progressively allows for adaptive mechanisms to adjust for decreased oxygen-carrying capacity and therefore does not usually present with acute symptoms. Some of these adaptive mechanisms include increases in coronary blood flow and cardiac output as well as altered blood viscosity and changes in oxygen utilization. 7
Implications of CIA and suboptimal response to current chemotherapy in anemic patients
may contribute to a suboptimal response to chemotherapy and correction of anemia in patients is correlated with improved responses to chemotherapy. 2, 30 Apoptotic failure and cell cycle quiescence are two potential mechanisms of chemotherapy resistance in anemic patients. 31 Furthermore, inadequate bone marrow recovery following cytotoxic therapy as manifested by anemia, thrombocytopenia, and neutropenia is responsible for most chemotherapy dose delays and dose reductions. [32] [33] [34] In patients with both solid and liquid malignancies, the development of severe anemia during the first cycle of chemotherapy is associated with an increased risk of dose delay and/or dose reduction in the subsequent chemotherapy cycle, regardless of age, gender, race/ethnicity, cancer stage, chemotherapy cycle, absolute neutrophil count, platelet counts, liver function, renal function, and history of other comorbidities. 34 These data suggest that the development of moderate to severe anemia directly affects subsequent chemotherapy administration and prevention and that timely management may result in fewer dose reductions and delays. 34 In the setting of chemotherapyinduced myelosuppression, many oncologists reduce doses by 20% in hopes to limit excess cytotoxic effects on the bone marrow; unfortunately, a 20% dose reduction may lead to a 50% reduction in cure rate. 10 Low hemoglobin is associated with both adverse outcomes and reduced tumor oxygenation. [35] [36] [37] Decreased oxygen-carrying capacity with resultant tumor hypoxia may be associated with increased mortality. 38 Rapid proliferation and division of solid tumor cells can obstruct and compress blood cells, leading to tissue hypoxia. 39 Some clinicians interpret the correlation between anemia and poor tumor oxygenation as a rationale for treatment with red blood cell transfusions. 37 Some hypotheses regarding decreased survival in patients with CIA include reduced tumor-free radical formation with corresponding upregulation of hypoxia-inducible genes, including HIF-1 to augment cellular function. 39, 40 Activation of HIF-1 triggers the transcription of over 100 downstream genes that orchestrate cellular function and are necessary for tumor viability. 39 Consequently, hypoxia modifies cancer cell metabolism to induce cell quiescence and minimize cell division, thereby limiting the effects of cytotoxic chemotherapeutic agents. 41 This can be problematic, especially because many chemotherapy regimens require oxygen for cytotoxic function. Additionally, hypoxia induces tumor growth via enhancement of neoangiogenesis, genetic mutations, and free radical formation. 42, 43 Current therapeutic strategies for CIA Current practices to treat CIA include packed red blood cell transfusions, erythropoietin stimulating agents (ESAs), and iron supplementation. 44 The goal of red blood cell transfusion is to maintain or improve the oxygen-carrying capacity in the blood to facilitate oxygen delivery to tissues. 7 Red blood cell transfusions are indicated in patients with cancer who are hypovolemic and refractory to fluid resuscitation with crystalloid infusions, patients with cancer and chronic symptomatic anemia unresponsive to iron supplementation, and patients with cancer who require rapid correction of hemoglobin. 45 Despite the aforementioned indications for transfusion in patients with malignancy, there are currently no randomized controlled trials that evaluate the use of red blood cell transfusions or the use of red blood cell transfusions with ESA in patients with cancer. 29 Although it is known that hemoglobin significantly influences survival in patients receiving chemotherapy, it remains controversial whether or not improving hemoglobin by blood transfusion improves treatment response. 46 The major benefit of treating symptomatic anemia with homologous blood transfusion is the speed of resolution of anemia symptoms with each unit correlated with a hemoglobin rise of 1 g/dL. 15 Preparation of packed red blood cells prior to transfusion involves removing plasma from whole blood with centrifugation of the sediment and erythrocytes. Despite most platelets being removed from whole blood to prepare packed red blood cells, the remaining platelets as well as leukocytes are responsible for immunomodulatory effects in the recipient. 14 Red blood cells, also known as erythrocytes, originate from pleuripotent stem cells and are stimulated by iron and chemical growth factors to proliferate. 47 An erythrocyte has a lifespan of 90-120 days in human serum and, as a result, detection of treatment-associated anemia may not manifest for 4-6 weeks following receipt of myelosuppressive therapy. 47 An estimated 15% of the blood resources in the USA are allocated to hematology/oncology patients. 48 In contemporary practice, clinicians determine whether or not to transfuse a patient, when to transfuse, as well as the quantity of units to transfuse. Remarkably, variation among clinician's decision to transfuse patients is as subjective as the corresponding patient's symptomatology. Analysis of transfusion patterns in patients with CIA reveal that fatigue is the most common driving factor of transfusion, followed by hemoglobin level. It is difficult to discern whether or not a patient's symptoms prompting a transfusion are due to his or her primary malignancy, a consequence of the treatment on physiologic function or respiratory mechanics, or a reflection of anemia itself. For example, breathlessness is most frequently reported in patients with lung cancer compared to other malignancies, which may contribute to a lower transfusion threshold. 19 On average, 15% of anemic cancer patients receive red blood cell transfusions and, when transfused, usually receive two units. 49 Liberal red blood cell transfusions are of limited benefit -they are not well supported by evidence and increase the risk of adverse events. 50 Among patients with CIA, a single-unit transfusion policy is associated with a 25% reduction of red blood cell usage per therapy cycle in comparison to a double-unit transfusion policy. 51 The lack of increased adverse events with a restrictive threshold in conjunction with the known risks of blood transfusion support the transfusion of the minimal number of units necessary titrated to symptom improvement.
International Journal of Clinical Transfusion

Current red blood cell transfusion guidelines
The American Association of Blood Banks and the European Society of Medical Oncology both issue guidelines for red blood cell transfusion (Table 1) . Among patients receiving chemotherapy, the "National Comprehensive Cancer Network (NCCN)" 2018 guidelines (Table 1 ) recommend evaluation and correction of coagulopathies as well as evaluation of folate, B12, and iron deficiencies prior to initiating myelosuppressive chemotherapy. NCCN guidelines for use of red blood cell transfusions in patients with CIA do not support the use of a "trigger threshold" or specific value to determine transfusion necessity. 7 Optimal transfusion strategies should include assessment of other factors in addition to grade of anemia or level of hemoglobin -at times, transfusions are indicated with hemoglobin concentrations between 7 and 10 g/dL when patients have significant underlying comorbidities including cardiopulmonary disease, bone marrow failure, or other hematological diseases. [53] [54] [55] Notably, transfusion of red blood cells to hemoglobin above 7 g/dL does not translate to increased oxygen delivery. 1 
Historical controversy surrounding red blood cell transfusion
Although red blood cell transfusion has the potential to rapidly improve hemoglobin, adverse events occur following 1%-3% of transfusions. 56 Some of these adverse events include thrombosis, infections, immunologic compromise, transfusion-related acute lung injury, nonimmunogenic hemolytic reactions, hemolysis of incompatible red blood cells or incompatible plasma, allergic reaction, and formation of human leukocyte antigen antibodies. 29, 57 Hemodynamic and hematologic consequences associated with expanded red blood cell mass include hypertension, transfusion-associated circulatory overload, and decreased renal and cerebral blood flow. 22, 58 As patients require more numerous and more frequent blood transfusions, the risks of transfusion dependence, transfusion-transmitted infection, allergic response, and severe transfusion reactions increase. 55 In addition to the aforementioned risks, red blood cell transfusions may interact deleteriously with chemotherapy. 45 Blood can be stored for up to 42 days following donation, although its quality progressively declines as storage time increases. Longer storage of blood is associated with changes in red blood cell metabolism, shape, and rheology; loss of membrane carbohydrates, lipids, and proteins; as well as alterations in secretion, adhesion, and oxygen delivery. 58, 59 In vitro models of pancreatic adenocarcinoma showed progression and migration of malignancy that correlated with longer length of packed red blood cell storage time prior to transfusion. 60 The most frequent complication of blood transfusion is delayed hemolytic reaction followed by transfusion-associated acute lung injury. 22 However, the majority of immunologic and infectious problems due to blood transfusions are a consequence of donor leukocytes within the transfusion. Viruses transmitted by blood transfusion utilize leukocytes as the vector to infect the host, the 
25
Chemotherapy-induced anemia most common of which is hepatitis B. 22 Other viruses that are less likely to be transmitted include hepatitis C, HIV, hepatitis A virus, cytomegalovirus (CMV), Epstein-Barr virus, human-herpes-virus 8, toxoplasma, parvovirus B-19, West Nile virus, spongiform encephalopathy prions, Chagas, Babesia, and malaria. 22 Antigen exposure via donor blood impacts the immune function of the recipient and may result in alloimmunization and downregulation of immune responses (also known as transfusion-associated immunomodulation or TRIM). 61 TRIM may be associated with enhancement of neoplastic proliferation. 62 As a result, some clinicians choose to transfuse leukoreduced blood, which is filtered to decrease the quantity of leukocytes below 5.106 leukocytes/component. 52 The administration of leukoreduced red blood cells has resulted in a lower incidence of TRIM, fewer febrile nonhemolytic transfusion reactions, a lower incidence of HLA sensitization in recipients, and a lower probability of CMV transmission. 55 Ideally, leukoreduction of blood occurs early in the storage period to diminish and hopefully prevent cytokine production. 57 The administration of leukoreduced blood does not, however, completely eliminate the transmission of pathogens and cytokines due to the tendency of leukocytes to adhere to plastic in storage -preventing removal with leukoreduction. 22 While currently there is a current lack of evidence that patients with cancer who receive leukoreduced blood have improved outcomes, given the known risks of leukocyteattributed transfusion reactions, leukoreduced blood may be beneficial in patients in whom multiple blood transfusions are anticipated. 1 Malignancy and toxicity-induced inflammatory cytokine cascades reduce erythropoietic function and affect iron homeostasis. 29 Blood transfusions increase prostaglandin E as well as both local and circulating proinflammatory cytokines, some of which include angiogenin, tumor necrosis factor-alpha, EGF, and platelet-derived growth factor BB. 60 Notably, these cytokines remain in blood despite leukoreduction and their concentration increases with storage time. 60, 63 Due to recognized immunomodulatory effects, red blood cell transfusions may influence neoplastic development and proliferation. 64 Patients with colorectal, head and neck, breast, gastric, and prostate cancer who received blood transfusions have significant increases in mortality, recurrence, and death from cancer recurrence. 62 Increased rates of malignancy following blood transfusion may be secondary to transfusionrelated immunomodulatory effects that revealed undiagnosed occult malignancies. 65 Whether or not high mortality and recurrence in patients with malignancy who receive blood transfusions is a reflection of the tumor-specific aggression that drove the need for transfusion, a function of the blood transfusion itself, or a consequence of the recipients' reaction to the transfusion remains unclear.
In addition to various immunomodulatory effects, red blood cell transfusions are associated with venous and arterial thromboses as well as in-hospital mortality. 66 Approximately 20% of patients with cancer experience a venous thromboembolism (VTE) during their therapy course. 67 Some factors that may contribute to the development of VTE in patients with cancer include history of a VTE, inherited or acquired mutations, hypercoagulability, cell surface expression of tumor factor, cytokine-mediated activation of coagulation cascade, baseline thrombocytosis, recent immobilization/ surgery, hormonal agents, steroids, and hypertension. 7 While immunomodulatory effects and thromboses are associated with red blood cell transfusion, iron overload is typically a less likely consequence and does not typically occur in patients who receive transfusions limited to the time of their chemotherapy treatment. 7
Erythropoiesis stimulating agents in CIA
Erythropoietin (EPO) was initially identified in 1906 and is a circulatory hematopoietic glycoprotein hormone that facilitates erythrocyte production. 68 EPO is expressed by renal and hepatic interstitial cells and is upregulated in the setting of hypoxia to stimulate erythrocyte production in the bone marrow. 68, 69 Following secretion by the liver and kidneys, EPO binds to erythroid precursor cells to induce both maturation and differentiation. 68 ESAs are a class of recombinant medications that induce red cell proliferation via utilization of iron stores that are necessary for effective erythropoiesis. 67 ESAs are categorized by their duration of action and are divided into short-acting (epoetin alfa, epoetin zeta, epoetin beta, and epoetin theta) and long-acting (darbepoetin alfa) ESAs. 70 In the early 1980s, anemia was an expected consequence of both cancer and chemotherapy and the treatment was red blood cell transfusion. Historically, the transfusion threshold was around 8 g/dL and, occasionally, physicians transfused patients according to symptoms. Toward the late 1980s, Amgen cloned epoetin alfa soon to be followed by darbepoetin alpha (molecule with extra sugar moieties), and these drugs were approved for CIA in the early 1990s. Both epoetin alfa and darbepoetin alpha have been showed to increase quality of life when compared to placebo. 71, 72 Several disease states including endstage renal disease, HIV, and CIA have 
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Bryer and Henry demonstrated an association between higher hemoglobin levels and improved quality of life. [73] [74] [75] [76] [77] In the late 1990s, those studying CIA and ESA gave higher doses of ESA to drive hemoglobin up even more until safety signals were issued, one of which was in the "BEST" trial in breast cancer patients with CIA on epoetin alfa. 78 In response to these safety signals, the US Food and Drug Administration (FDA) held an Oncology Drug Advisory Committee that reviewed the data regarding ESA use at higher hemoglobin levels and selected a finite threshold of 10 g/dL for administration of ESA despite the quality of life data being above the 2006 FDA black box warning that ESAs in CIA can hasten tumor growth and/or shorten survival; 79 this was independently reviewed by the Cochrane meta-analysis people and some 60 trials via meta-analysis did not show this tumor growth or any negative survival. 80 Nevertheless, the FDA required Procrit and Aranesp to undergo breast cancer and lung cancer anemia (CIA) trials, respectively, ESA vs placebo. After nearly 10 years and testing thousands of patients, both studies have reported no difference in survival putting this issue to rest. 81, 82 Unfortunately, oncology treaters are still frightened by the FDA ruling, and ESA use in CIA took and continues to take a significant downturn. Simultaneously with the decreased use of ESAs in CIA, the transfusion requirement increased; however, this has been partially offset by decrease in transfusion threshold to 7.5 g/dL or even 7 g/dL.
ESAs are used in many types of anemia and have a prominent role in CIA. ESA administration in patients with CIA results in an improvement of hemoglobin by 40%-70%. 83 Patients with rare blood groups, religious beliefs restricting blood transfusions, and/or risks of cerebral or myocardial ischemia are at higher risk for the development of CIA and may benefit from preventive administration of ESA. 84 Although there has been some historical uncertainty regarding their safety profile, a meta-analysis of 60 studies demonstrated that ESA utilization had no significant impact on disease progression. 80 Administration of ESA in CIA is associated with fewer red blood cell transfusions, improved quality of life, as well as improved mood and cognitive function in cancer patients receiving chemotherapy. 1, 26 ESA is indicated following correction of iron deficiency and other causes of anemia in patients with CIA who are symptomatic with a hemoglobin level <10 g/dL or for patients who are asymptomatic with a hemoglobin level <8 g/dL. 29 Prescribing restrictions regarding the initiation of ESA in patients with hemoglobin <10 g/dL and discontinuing therapy for patients with hemoglobin >10 g/dL has translated into diminished severity and duration of CIA with less use of ESA and fewer blood transfusions. 85, 86 ESAs are remarkably safe except for their increased risk of thrombosis that is often underappreciated by clinicians. Treatment of CIA with ESA increases the risk of VTE by 50% and may be influenced by iron-restricted erythropoiesis. 67 Data from five meta-analyses demonstrated a 48%-69% increase in the relative risk of thrombotic events in patients receiving chemotherapy coupled with ESA. 7, 80, [87] [88] [89] [90] Mechanisms of ESA-induced thromboembolic disease may include elevated blood viscosity as a consequence of increased red blood cell mass in the setting of plasma volume contraction, nitric oxide scavenging, and endothelial cell activation. 22 There have been no prospective randomized trials to date with evidence to support anti-thrombotic therapy as a recommended strategy to decrease venous thromboembolisms in patients with malignancy receiving ESA. 29
Evidence and indications for iron supplementation in CIA
Erythrocyte production is limited by iron availability with a 20 mg daily requirement -the majority of which is obtained from degraded hemoglobin. 91 Iron availability is reduced by an estimated 44% in the setting of inflammation. 92 Despite adequate iron stores, functional iron deficiency in the setting of inflammation leads to iron sequestration in macrophages and enterocytes, preventing bone marrow utilization for erythrocyte production, leading to anemia. 93 Prior to initiation of an ESA, iron studies are necessary to exclude baseline iron deficiency, since stimulating erythropoiesis requires bioavailable iron for an optimal response. 3, 83, [94] [95] [96] Iron deficiency anemia in malignancy develops as a consequence of tumor-site blood loss, suppressed erythropoiesis from neoplastic bone marrow infiltration, as well as cytokine-induced suppression of iron utilization. 97 Despite normal or high ferritin levels, decreased transferrin saturation in cancer patients indicates functional iron deficiency that may be due to either iron sequestration or increased iron requirements in the setting of ESA therapy. 92, 93, 98, 99 Hepcidin, an acute phase reactant produced in the setting of inflammation, is the main iron regulator and frequently impairs iron homeostasis in cancer patients. 92 Hepcidin is renally metabolized, so patients with renal insufficiency may have even more elevated levels of hepcidin with resultant reduced oral iron absorption. 100 Iron supplementation is an underutilized therapy of CIA that has historically relied on the oral form. 44 Unlike the oral form that is limited by hepcidin, intravenous iron is directly engulfed by macrophages and is 
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Chemotherapy-induced anemia not limited by a disrupted absorption system in the inflammatory setting. 93, 100 Intravenous iron is indicated in CIA in patients with a hemoglobin level ≤11 or who have a decrease in hemoglobin level ≥2 g/dL from a baseline level of ≥12 g/dL in the setting of absolute iron deficiency as defined by serum ferritin <100 ng/mL. 29 Bone marrow response to ESAs in patients with CIA is variable and ranges from 35% to 70%, limited by iron deficiency, tumor proliferation, infections, and baseline bone marrow functionality. 93, 98, 101 Patients with appropriate baseline iron stores may respond adequately to inherent EPO production; however, administration of external ESAs requires additional iron supplementation to satisfy the increased requirements of erythropoiesis. 100, 102 Since iron supply to the bone marrow is the rate-limiting step in the development, proliferation, and maturation of erythrocytes, iron supplementation may be necessary in functional iron deficiency to optimize response to patients with CIA receiving ESA. 96 Among patients with CIA receiving epoetin alfa, oral iron supplementation is inadequate to prevent iron-restricted erythropoiesis. 96 Although intravenous iron therapy alone reduces requirements for red blood cell transfusions, it has a synergistic effect when used with ESA with a 50%-70% improved response rate and correction of anemia with fewer required transfusions and improved quality of life. 100, 103, 104 Furthermore, the absence of intravenous iron-induced clinically significant toxicity in patients receiving ESA supports its role in the CIA treatment paradigm. 105 While intravenous iron significantly augments ESA function, there is an absence of long-term data regarding its use. 29
Recommendations for optimum prevention and management of CIA
The heterogeneity among patients with malignancies, coupled with the diverse pathophysiology of anemia in cancer, necessitates the personalization of guidelines for the treatment of CIA. 103 Ideally, anemia is quantified and recorded throughout the chemotherapy cycle with a universal scale that is consistent across health care institutions; one such example includes the scale provided by the NCCN and mentioned at the beginning of this paper. 7 CIA is associated with poor survival and has significant effects on patient quality of life and chemotherapy response. While it is not consistently and objectively surveyed, symptoms of anemia are important to quantitate with the awareness that symptomatology is, in part, dependent on the acuity of anemia development. There is evidence to support a positive correlation between higher hemoglobin levels and improved quality of life, a critical point to consider when weighing the risks and benefits of either red blood cell transfusion and/or ESA administration. The following bulleted summary and Table 2 encompass recommendations presented in this manuscript and represent a reasonable approach to the prevention and management of CIA.
Prior to myelosuppressive chemotherapy
• Patients should be evaluated for risk of CIA development with measurement of reticulocyte count, iron stores, vitamin B12 and folate with appropriate repletion and correction prior to initiation of cytotoxic therapy.
Red blood cell transfusion
• Although there is no universal hemoglobin threshold to govern red blood cell transfusion, it may be considered when hemoglobin levels decrease below 8 g/dL. Therefore, red blood cell transfusion in patients with CIA should be limited to patients with 1) symptomatic anemia and/or 2) significant comorbidities and titrated to resolution of symptoms by administering one unit of blood at a time. When possible, the use of leukoreduced and CMV-negative blood may help reduce morbidities associated with transfusions.
ePO stimulating agents
• In patients with symptomatic CIA with a hemoglobin level ≤10 g/dL, ESA may be considered following exclusion of hemoglobinopathies. 29 If indicated, intravenous iron and/or ESA use guided by current recommendations may be used to treat CIA and thereby reduce the need for red blood cell transfusion. • ESA should not be offered to most patients with nonchemotherapy-induced anemia. • Optimistically, long-term data regarding ESA use in malignancy and the monitoring of serum ferritin as a determinate of response to ESA therapy may guide in administration, thereby maximizing therapeutic benefit with minimization of adverse treatment effects.
Iron supplementation
• In addition to its role as an adjunctive therapy with ESA in CIA as discussed earlier, intravenous iron alone reduces blood transfusion requirements in patients with CIA. Iron supplementation, in the intravenous form specifically, is recommended in patients with CIA with a hemoglobin level ≤11 g/dL or a decrease in hemoglobin by ≥2 g/dL from a baseline level of ≥12 g/dL in the setting of absolute iron deficiency as defined by serum ferritin <100 ng/mL. 29 
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Future directions in treatment of CIA and anticipated reduction of red blood cell transfusions
The development of screening assays utilizing hematopoietic stem and progenitor cells (HPCs CD34+) from peripheral blood and bone marrow help to evaluate the effects of chemotherapy-induced myelosuppression and may identify particularly cytotoxic pharmacologic therapies. 106 In addition to novel screening mechanisms, various hormones and pharmacologic agents influence the prevention and management of CIA. Administration of FLT3 tyrosine kinase inhibitors following chemotherapy may selectively induce myelosuppression of neoplastic cells, but not bone marrow progenitor cells. 12 Arginine vasopressin, eryptosis inhibitors, transforming growth factor beta inhibitors, and drugs that disrupt the HIF-1α pathway may help to preserve and stimulate erythropoiesis as well as to protect renal tubular and endothelial cells. 39, [107] [108] [109] Roxadustat, a reversible HIF prolyl hydroxylase inhibitor, increases expression of both erythropoietin as well as erythropoietin receptors and is under investigation to reduce red blood cell transfusion requirements. 110 Prevention, early recognition, and prompt treatment of CIA will optimistically translate to fewer dose delays, fewer dose reductions, and improved patient outcomes.
